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 The utilization of compostable polymers such as poly(butylene adipate-co-terephthalate) 
(PBAT)  in single-use packaging applications can mitigate the water,  solvents, and energy 
required for processing plastic waste.  PBAT exhibits exceptional elongational properties, but its 
moderate water vapor permeability and low tensile modulus limit the applications in which PBAT 
can be employed.  In this work, PBAT nanocomposites were produced at various loadings of 
organically-modified montmorillonite. The secondary structure of nanoparticles formed within 
the PBAT matrix was evident in the terminal region of the linear viscoelastic response under 
oscillatory shear, and a percolation threshold was determined to occur at 3.88% clay by weight.  
Transmission electron microscopy (TEM), x-ray diffraction (XRD), and the water vapor 
transmission rate (WVTR) were also utilized to elucidate the clay nanoparticle structure and the 
effect of increased clay loading on thermal and mechanical and properties was also studied.  
To improve the level of clay exfoliation, a graft copolymer was developed as a 
compatiblizer.  The maleation of PBAT was demonstrated via a solvent-free free-radical initiated 
grafting process in a supercritical carbon dioxide medium.  The grafted anhydride moieties were 
modified with benzylamine to aid in FTIR and 
1
H NMR spectroscopy, and it was calculated that 
PBAT-g-MA was produced at a graft level ranging between 1.16 and 1.63%.  The graft 
copolymer was then incorporated in PBAT nanocomposites to examine the compatibilization 
effects on the development of a nanoparticle network.  The addition of 5% PBAT-g-MA resulted 
in improved clay dispersion and exfoliation evidenced through TEM, XRD, permeation analysis, 
and tensile testing. Differential scanning calorimetry revealed that the presence of PBAT-g-MA 
nucleated early onset crystallization but the organized folding of the PBAT chains was hindered 
by the percolated clay structure resulting in a lower overall percent crystallinity.  
Thermogravimetric analysis revealed that the compatibilized samples demonstrated onset 
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As landfills and waterways become increasingly filled with plastic waste that is 
nearly entirely resistant to breakdown due to the effects of erosion, sunlight exposure, or 
attack by microorganisms, global attention is turning to the life cycle and post-consumer 
processing that is required for plastic products.  Plastic recycling serves as a possible 
route for mitigating plastic waste, but can require toxic chemicals as well as a fuel source 
for the heating and operation of reprocessing equipment.  The overall recycling and 
regeneration pathways generate a significant amount of carbon dioxide and other waste 
solvent streams.  Incineration processes aid in reducing the volume of plastic waste, but 
also involve large fuel requirements and carbon dioxide emissions [1].  Recycling and 
incineration technologies will be used more widely as these technologies advance, but 
there still is a need for innovation in the field of biodegradable plastic materials. 
Many applications exist in which biodegradable materials have found their niche, 
such as: food packaging and other single-use disposable items, drug delivery devices, 
scaffolds for engineered tissues, and agricultural films [2].  However, most 
commercially-available compostable polymer resins demonstrate less robust mechanical 
and thermal performance at a higher price than conventional plastics [3].  To realize the 
full potential of these biodegradable polymers and expand the applications in which they 
can be utilized, the incorporation of various fillers and polymer modifications have been 
investigated to reduce costs and improve the properties of the final products.  The 
following collection of papers addresses the optimization of a biodegradable polymer 
nanocomposite through the study of the development of a nanofiller network and the 
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effects of this secondary phase on the barrier, rheological, thermal, and mechanical 
properties of the final product.  This multifaceted investigation also covers the production 
of a compatibilizer by free radical polymer grafting in a solvent-free environment and the 
further incorporation of this graft copolymer into the nanocomposite in order to 
determine the effects on clay percolation and processability.  The compatibilization of 
this polymer-nanofiller system is aimed at improving the barrier properties while 
maintaining the compostability and superior elongational properties desired for single-use 
packaging film. 
1.2. POLYMER CLAY NANOCOMPOSITES  
The first documented report on clay nanocomposites was published in 1993 by the 
Toyota Research and Development Lab in Japan in 1993 [4].  Upon reporting the 
improved strength, modulus, and heat deflection temperature (HDT) of the composites 
prepared with less than 5 weight percent montmorillonite (MMT), the research done in 
this area grew exponentially over the next few decades.  The large aspect ratio of the clay 
particles as well as the high surface area provide for increased interfacial interactions and 
stress transfer between phases. Montmorillonite is one of the most widely-studied layered 
silicates which has been shown to exhibit favorable swelling properties and can thus be 
relatively easily modified and tailored for a particular polymer matrix. Therefore, the 
remainder of the discussion will focus on this particular nanoclay. 
Montmorillonite, a 2:1 phyllosilicate, is one of the most commonly-used 
nanoclays in polymer-layered silicate nanocomposites due to its low cost, wide 
availability and its high surface area-to-volume ratio.  The oxides present on the highly 
reactive surface cause the individual lamellae of MMT to have a slightly negative charge 
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 [5].   The system of weak forces between the 
clay platelets and the sorbed cations induce the platelets to orient and aggregate into 
structured clay tactoids, but this lamellar structure of MMT can be swelled relatively 
easily in solution or a polymer melt [6].  
To promote the separation of the clay lamellae and expose more surface area of 
the MMT, the sorbed cations are often exchanged with cations with larger functional 
groups.  The spacing between organically-modified clay platelets, or d-spacing, is larger 
than unmodified MMT and this has been shown to further increase clay platelet 
exfoliation during nanocomposite preparation [7-9].  Nanocomposites prepared with 
modified clays typically exhibit improved barrier, thermal, and mechanical properties at 
lower clay loading level.  Polymer-layered silicate nanocomposites have been shown to 
have improved heat deflection temperatures, flame retardancy, as well as dimensional 
stability [10, 11]. A wealth of research has been carried out to determine the optimal clay 
modification for a particular polymer matrix to ultimately develop lightweight, 
inexpensive composite materials with tailored properties; however, limited research is 
available on newly developed biodegradable polyesters such as poly(butylene adipate-co-
terephthalate). 
1.3. POLY(BUTYLENE ADIPATE-CO-TEREPHTHALATE) 
The particular compostable polymer chosen for this investigation was 
poly(butylene adipate-co-terephthalate) (PBAT), a biodegradable thermoplastic with 
exceptionally good elongational properties, optical properties and wear-resistance.  These 
characteristics makes this aliphatic-aromatic copolyester the only commercially-available 
compostable resin with properties similar to high-density polyethylene and it is 
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correspondingly used in many film applications in food packaging and agricultural and 
landscaping products.  Figure 1.1 gives the structure of this random copolymer of 
butylene adipate and butylene terephthalate residues.  By altering the ratio of butylene 
adipate and butylene terephthalate monomers during polycondensation, this random 
copolymer can display a range of thermal and mechanical properties as well as 
biodegradation rates.  Commercial grades of PBAT has been shown to degrade readily in 
the presence of enzymes found in a compost environment within a few weeks, however 













Figure 1.1.  PBAT Structure 
 
 As clays such as MMT are naturally-occurring and environmentally-friendly, they 
also serve as ideal nano-scale fillers for any biodegradable polymer.  For PBAT 
nanocomposites in particular, the clay structure developed through melt compounding 
must be evaluated to ensure that the processing characteristics of PBAT that make it such 
a promising biodegradable material are retained.  The development of structure-property 
relationships and an estimation of the optimal clay loading for PBAT film applications is 




1.4. PERCOLATION THEORY 
A composite is considered to be percolated when there is a secondary network of 
particles within the host matrix and a connected pathway is created from one side through 
to an opposing face of the material.  While the discussion of nanocomposite percolation 
is pertinent to layered silicate-filled polymers, percolation threshold estimation has been 
most widely researched in the field of electrically conducting blends and films with 
carbon black, carbon nanotubes/nanowires, graphite, and graphene [14-18].  This 
connected pathway demonstrated in Figure 1.2 can improve the thermal and electrical 
conductivity in composites with carbon-based nanofillers while simultaneously aiding in 
strengthening and stabilizing the material.   
        
Figure 1.2.  Percolated Structure of Exfoliated Clay Platelets 
 
The intention of identifying the specific percolation threshold for a particular 
polymer/filler system is to estimate the minimum amount of filler material that is 
required for the target improvement in electrical, barrier, thermal, or mechanical 
properties.  Beyond this percolation threshold, the final product may be more expensive 
and difficult to process due to an elevated viscosity and more brittle nature.  At elevated 
concentrations, the nanoparticles can aggregate and cause heightened localized stress 
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near large tactoids and this non-uniform behavior can ultimately lead to early failure 
under deformation.   
1.5. MALEATION OF POLYMER RESINS 
The polymer grafting technique called maleation is one of the most widely 
practiced and reviewed polymer modification methodologies with over 30 years of 
publications available for review [19]. The many structural analogues of maleic 
anhydride (MA) show a broad range of reaction pathways and the attachment of this 
multi-functional moiety to the backbone of thermoplastic materials can augment the 
polarity, reactivity, and surface energy of these polymers.  MA-grafting and copolymers 
have been in a wide range of applications, including:  improved hydrophilicity of 
polymer substrates for producing biocompatible materials which support cell adhesion 
[20-22], enhanced dispersion of fillers and nanoparticles [23-27], and compatibilization 
of immiscible polymer blends [28, 29]. 
MA grafting has been demonstrated in many reaction media and with various 
types of free radical initiators.  The sections that follow summarize the most commonly-
used techniques as well as recent innovation related to MA grafting. 
1.6. POLYMER GRAFTING METHODS 
1.6.1. Melt Grafting. A relatively simple method for the modification of polymer 
resins involves the incorporation the desired additives and free radical initiators in a 
polymer melt.  The thermal degradation of the initiator generates a radical which can 
abstract hydrogen from the polymer backbone. The generated macroradical goes on to 
form bonds with the free monomer that is co-fed to the system.  The major benefit of this 
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process is that it utilizes existing compounding and extrusion equipment with minimal 
modifications to the established feeding, collection, and cleaning procedures.  Reactive 
processing can thus be carried out continuously and can also be utilized directly while 
compounding polymers and nanofillers.  Further, extrusion grafting has been shown to 
reduce interfacial tension between the polymer phase and filler surface as well as in 
polymer blends [30].  
The most significant drawback of melt grafting is the effect that free radical 
initiators such as peroxides have on the molecular weight and extent of cross-linking in 
the final product.  The radicals generated on the polymer backbone can alternatively form 
carbon-carbon cross-linking bonds and extended extrusion time or heightened peroxide 
activity have been shown to increase the overall cross-linking and gel fraction of the 
product [31]. The reactive processing of polylactide (PLA) and PBAT above 0.7 parts per 
hundred (phr) of added dicumyl peroxide (DCP) generated “gel-like components” which 
destabilized and disrupted the extrusion process [30]. Further, the PLA/PBAT processed 
with up to 0.5 phr displayed minimally improved mechanical properties and above 0.5 
phr DCP the blends had a reduced elongation at break, tensile modulus and tensile 
strength. 
Another challenge associated with reactive extrusion is that it is dependent upon 
the diffusion of the radical and monomer through the highly viscous polymer melt.  This 
slow diffusion rate heightens the likelihood of free radical recombination or 
homopolymerization of the added monomer [32].  During reactive extrusion the 
monomer and initiator typically exhibit melting prior to the macromolecule and can be 
segregated as a separate immiscible phase dispersed throughout the polymer in the first 
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few sections of the extruder [33].  These “cages” of locally high concentrations of 
initiator can generate hot spots of enhanced polymer degradation and preferential grafting 
in only those regions.  This cage effect has a detrimental effect on product quality, 
lowering the grafting efficiency and producing a polymer containing excess monomer 
with a reduced average molecular weight.   
Surprisingly, this so-called solution-free process is often followed up with an 
extraction process to remove unreacted monomer and spent initiator from the extrudate.  
If not, the presence of residual free monomer and initiator can migrate and further react if 
the product is heated a second time or simply during storage at ambient conditions further 
reducing the polymer viscosity [33]. 
1.6.2. Free Radical Grafting in Solution.  Many polymer grafting reactions are 
carried out in a liquid solution instead of directly in an extruder or batch mixer.  This 
helps to reduce the initiator cage effects as the viscosity of the reaction medium is greatly 
reduced as compared to a molten polymer. It has been reported that the probability of a 
free radical pair escaping the polymer cage was found to be significantly lower in the 
solid polymer phase (0.01-0.1) than in a liquid solution (0.3-0.8)  [34].  However, the low 
local concentrations of reactants can limit graft levels and increase the reaction time 
required.  Another key issue with solution grafting is the solvent requirements and post-
reaction purification steps.  A solvent in which the polymer dissolves fully must first be 
found, and a second solvent must be used to precipitate and wash the graft-copolymer.  
This type of solvent/antisolvent system can be particularly difficult to find for 
biodegradable polymer at a reasonable cost.  Additionally, the monomer and initiator 
must also be soluble in both selected solvents.  The overall process requires a significant 
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amount of expensive and generally toxic chemicals which can then limit the applications 
in which the product can be used. 
1.6.3. Radiation-Induced Grafting. Polymer grafting through the irradiation of a 
polymer substrate with gamma or UV rays in the presence of the desired grafting moiety 
can be conducted without toxic solvents.  The foremost reason that this method is not 
commonly used is that the radicals are only generated on the surface of the polymer and 
the graft level is extremely low [35, 36].  This grafting technique has still proven useful 
in the surface modification of many forms of polymer surfaces:  films, porous scaffolds, 
powders, etc.  Surface properties such as hydrophilicity, printability, and biocompatibility 
can be rapidly altered, albeit to a very low extent. 
1.6.4. Supercritical Carbon Dioxide as a Free-Radical Grafting Medium.  
Carbon dioxide is an inexpensive, freely available chemical which displays 
comparatively low critical properties (a critical temperature of 31.1°C and a critical 
pressure of 7.39 MPa).  Figure 1.3 displays a generic phase diagram for a pure species 
such as carbon dioxide where above both the critical temperature and pressure, it 
becomes a supercritical fluid and displays the combined properties of a liquid and a gas.  
Supercritical carbon dioxide (scCO2) displays liquid-like density and solvent power but 
the low viscosity of a gas.  This heightened solvent power and reduced viscosity 
essentially eliminates the initiator cage effects observed in melt and solution grafting 
[37].  It also serves as an excellent heat transfer medium that has a solvent density which 
can be easily tuned for a particular application by varying the temperature and pressure, 








While scCO2 is used commonly in processes such as the decaffeination of coffee 
and the extraction of chemical and medicinal components from temperature or pressure 
sensitive substances, it also functions as an effective medium for the processing and 
production of polymeric materials.  With the exception of amorphous fluoropolymers 
and silicones, most polymers are not dissolved by scCO2 and instead are swelled 
significantly.  This is particularly true in polymers with a low level of crystallinity, such 
as PBAT, as scCO2 has been shown to diffuse primarily through the amorphous regions 
of a polymeric material.  PBAT displays a high level of scCO2 sorption and 
plasticization, making it a prime candidate for supercritical fluid processing [39].  
Avoiding the dissolution of the polymer chain itself also ensures that the reaction 
medium maintains a lower viscosity than that of polymer melts or liquid polymer 
solutions, thus reducing mass transfer limitations.  This encourages the transport of 
smaller molecules into the polymer and increases the polymer surface area available for 
grafting, providing for a higher graft level than radiation-initiated surface grafting.  These 
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combined properties provide for a reaction medium that readily dissolves free-radical 
initiators, many monomers, and other functionalities that are typically affixed to a 
polymer backbone [40].  Further, upon a rapid depressurization or direct flow of scCO2 
the unused monomer and initiator can easily be removed from the reactor system without 
product washing and drying [41]. 
The use of scCO2 as a reaction medium for biodegradable polymers also provides 
much milder processing conditions than melt or solution grafting:  lower temperatures, 
minimal to no use of organic solvents or anti-solvents, and no appreciable degradation as 
compared to the high shear of melt processing equipment.  This helps to ensure that the 
viscosity and molecular weight of the final product are not altered significantly from the 
resin utilized.  Supercritical fluids have also been used to create microporous structures 
from biocompatible polymers for engineered tissues such as bone scaffolds.  These 
processes could ultimately be combined to simultaneously modify the surface properties 
and microstructure of biodegradable polymers for biomedical applications.   
Although there are a multitude of benefits to using scCO2 for biodegradable 
polymer processing, limited studies have been conducted in the area of supercritical 
polymer grafting onto biodegradable materials.  The following work focuses on the 
development of a graft copolymer in scCO2 and its further use as a compatibilizing agent 
in PBAT layered silicate nanocomposites.  
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2. PERCOLATION THEORY AND DEFORMATION MECHANISM OF 





Polymer reinforcement at the nano-scale level can improve the modulus, gas 
barrier properties, heat deflection, and flame retardancy while also controlling the 
crystallization and degradation rate of the composite.  Nanoclay can provide these 
enhancements at a loading level of less than 5 weight percent.  The key to optimal 
property improvements is achieving delamination of the layered structure producing 
nanofillers with aspect ratios of up to 1000 [42-48].  
As with any filler material, the main challenge to producing a product with 
uniform properties and performance is the controlled dispersion of the nanomaterial 
within the matrix.  While there are many methods to characterizing polymer 
nanocomposites, a holistic study of the dispersion state of the nanofiller includes  
microscopy and x-ray diffraction patterning with thermal, rheological, and mechanical 
testing.  These methods combined give insight to how the meso-scale properties are 
affected by the localized development of a nanofillers network structure, and ultimately 
help to optimize the elements, quantities, modifications, and preparation methods for 
developing a nanocomposite for a specific application. 
2.2. PERCOLATION THEORY IN POLYMER NANOCOMPOSITES 
The percolation threshold of a layered silicate nanocomposite is defined as the 
clay loading at which a connected network is created between neighboring particles and 
the interactions between these particles lead to an overall change in the viscoelastic, 
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mechanical, and electrical properties of a material.  Revealing the percolation mechanism 
of a particular polymer-clay system through morphology and rheology of nanocomposites 
at various clay loadings helps to quanttify the percolation threshold of a particular 
polymer-clay system and define structure-property relationships for the prediction of 
nanocomposite product performance. 
2.3. PBAT NANOCOMPOSITES 
Poly(butadiene adipate-co-terephthalate) (PBAT) is a biodegradable thermoplastic 
with exceptionally good elongational properties.  This characteristic makes the aliphatic-
aromatic copolyester the only commercially-available compostable resin with properties 
similar to HDPE and LDPE and it is correspondingly used in many single-use film 
applications such as food packaging and agricultural and landscaping products.  As 
PBAT is used in biodegradable packaging, the addition of a nanofiller such as a layered 
silicate may be of interest to improve its barrier, thermal and mechanical properties.   
2.4. MATERIALS AND EQUIPMENT 
The PBAT used in this work was Ecoflex
®
 F BX 7011 supplied by BASF with a 
density of 1.25 g/cm
3
 and a melt flow rate (MFR) of 2.50-4.50 grams per 10 minutes at 
190°C.  The nanoclay compounded with the PBAT was purchased from Southern Clay 
under the name Cloisite 30B.  The organic modification carried out on this particular 









where T is tallow.  At a modifier concentration of 90 meq/100g clay, this bulky organic 
modification gives Cloisite 30B a relatively larger d-spacing between the clay layers and 
it has been theorized that this results in a good level of clay exfoliation in 
nanocomposites [49].  This has been found to be particularly true in host matrices such as 
PBAT with polar pendant groups. 
Compounding was performed with a Brabender co-rotating conical twin screw 
extruder with an L/D of 8 and a screw diameter of 42 mm.  Prior to extrusion, both the 
clay and polymer pellets were dried under vacuum at 50°C for 24 hours. The three 
heating zones of the extruder were maintained at 145, 145, and 149°C from feeding zone 
to the die, and the feeding zone was chilled to approximately 10.4°C with a recirculating 
bath to prevent premature softening of the PBAT pellets.  Post-extrusion, the drawn 
fibers were cut into pellets and pressed into testing specimens with a Carver press and 1 
mm molding apparatus. Films were also drawn from the same extrusion equipment, with 
an average film thickness of 0.15 mm. 
2.5. ANALYSIS METHODS 
X-ray diffraction (XRD) patterns were captured using a PANalytical X’Pert PRO 
MRD with a copper anode, a wavelength of 0.154 nm, and a divergence slit of 0.05 mm.  
The diffractograms were captures from 1° < 2ϴ < 10°.  The imaging of the structure of the 
clay in PBAT was carried out with a JEOL JEM-1400F transmission electron microscope 
(TEM).  To produce specimens thin enough for TEM imaging, the extrudate pellets were 
first sectioned with an ultramicrotome. 
Water vapor transmission rates (WVTR) through the prepared nanocomposite 
films were studied according to ASTM-E96/E96M-10.  Films (0.14 +/- 0.1 mm thick) 
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were secured to glass containers which were filled with an 8-mesh desiccant and then 
sealed.  The testing chamber was maintained at 26°C and 52% humidity throughout the 
testing period, with a constant air velocity provided by a fan.  The weight of each sample 
was taken every 12 hours over a four-day period and adjusted relative to the weight 
change of a prepared “dummy” sample without desiccants in the container. The water 
vapor transmission through the samples was then averaged from three film samples of 
each clay loading level. 
The rheological response of the prepared composites was studied on both an 
ARES and ARES-G2 rheometer (TA Instruments) in the 25 mm diameter parallel plate 
and rectangular torsion configurations.  Specimens were cut into 25 mm diameter circles 
and 12x25 mm specimen from 1 mm thick compression molded sheets.   
Thermal analysis was carried out with a differential scanning calorimeter (DSC), 
DSC-Q2000 (TA Instruments), in order to characterize the glass transition, 
crystallization, and melting behavior of the nanocomposites.  The effect of the clay 
loading on the degradation of the composites was investigated with an SDT-Q600 (TA 
Instruments) which carries out simultaneous thermogravimetric analysis (TGA) and DSC 
measurements.  Ultra-high purity nitrogen was used in all analyses and a purge flow rate 
of 50 and 200 mL/min was used for the DSC-Q2000 and SDT-Q600, respectively. 
The mechanical properties of the prepared composites were compared through 
tensile testing with a universal testing machine Instron 4469 and a TA.XT.Plus texture 
analyzer according to ASTM D638.  A type IV dumbbell specimen and a crosshead 
speed of 10 mm/s was used for the Instron analysis, and a Type V specimen with a 
crosshead speed of 2.5 mm/s was used for all texture analysis. 
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2.6. RESULTS AND DISCUSSION 
2.6.1. X-Ray Diffraction Patterning.  X-ray diffraction patterns of neat PBAT, 
pure clay, and 3 and 5 wt% composites are shown in Figure 2.1.  The characteristic peak 
of the pure clay appears at 2θ = 4.75; and when compounded with PBAT, this peak shifts 
to approximately 2.25 in the 5 wt% composite and nearly disappears in the 3 wt% 
sample.  The reduction in height and shift of the peak is often attributed to the reduction 
of the average d-spacing between the clay layers which can be accomplished by the 
successful intercalation of the polymer chain into the interlayer gallery and/or exfoliation 
of the individual clay layers.  While the disappearance of the characteristic clay peak 
does not always indicate full exfoliation, this is one method to determine if full or partial 
delamination of the clay has been achieved through melt compounding [50-52].  
 
 
























2.6.2. Transmission Electron Microscopy.  A secondary method that is often 
used in conjunction with x-ray diffraction to examine the dispersion and exfoliation level 
of the clay phase is electron microscopy. Transmission electron microscopy (TEM) gives 
a nano-scale view of prepared nanocomposites so that the structure of the clay network 
can be viewed directly.  While it cannot be assumed that the clay structure in a single 
TEM image is consistent throughout an entire sample, a set of multiple TEM images 
capturing similar results can give insight to the development of a network of clay 
particles.  It is generally assumed that a significant level of clay exfoliation has been 
achieved if multiple TEM images display exfoliated clay layers along with a reduction 
and/or shift in the characteristic XRD peak of the clay.   
In Figure 2.2, the images of the PBAT-30B nanocomposites captured using a 
transmission electron microscope are given for moderate and high levels of clay.  At all 
clay loadings analyzed, individual clay platelets and partially exfoliated clay particles of 
2-3 layers can be identified.  In terms of the formation of a fully developed secondary 
network of clay, the 4 and 5 wt% composites show moderate interactions between the 
clay particles but the 7 wt% composite appears to the lowest loading level where the 
majority of clay platelets/tactoids are in direct contact with a neighboring clay particle.  
As the clay loading is increased, however, the number and size of visible tactoids also 
increases.  At 15 wt% clay, the composite exhibits a high level of aggregated clay which 
can ultimately hamper the performance of the composite and lead to localized stresses 














Figure 2.2. TEM Images of PBAT-30B Nanocomposites at Various Clay Loadings 
Magnification Scale:  200 nm (Top), 50 nm (Bottom) 
 
 
2.6.3. Water Vapor Transmission.  Another analytical method which can 
indirectly serve as an indication of a well-developed clay network is the study of the 
permeation of molecules through a composite.  This is particularly of interest in materials 
such as PBAT which is used in film packaging of perishable items.  During film 
extrusion, nano-scale layered materials are oriented in the machine direction (MD) and 
are thus perpendicular to the direction of diffusion through the films.  This clay 
orientation has been shown to increase the tortuosity of the path of water vapor and 
oxygen molecules and reduce the overall permeability of the film [52-54].   
While the barrier properties of a clay nanocomposite are improved as the amount 
of exfoliated clay layers is increased, any large tactoids or clay aggregates can cause 
micro-scale holes and tears in the film which can hamper the overall permeability.  This 











with minimal aggregates.  It is theorized that this clay loading is near the percolation 
threshold of the nanocomposite which is unique to the polymer matrix and modified clay 
examined.  By examining the water vapor transmission rate of a set of nanocomposite 
films, it should be possible to identify where the clay network becomes fully percolated 
and above what clay loading the barrier properties of the composite are hindered. 
The water vapor transmission rate through extruded PBAT-30B films was 
measured and compared to neat extruded PBAT film in Figure 2.3.   With as little as 1 
wt% 30B, the water vapor transmission rate was reduced by 29%, demonstrating the 
substantial improvement in barrier properties that can be realized with the incorporation 
of a small amount of layered silicate.  This transmission rate is reduced by an additional 
12.9% upon increasing the clay level to 2 wt%.  At 5 wt%, however there is no additional 
decline in transmission rate; in fact, the average value of the three samples measured is 
slightly higher than that of the 2 wt% films studied.  This inquiry indicates that the 
percolation of the clay network occurs between 2-5 wt% and the optimal barrier property 





Figure 2.3. Water Vapor Transmission Rate through PBAT Nanocomposite Films above 
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 2.6.4. Rheological Properties.  The viscoelastic response of a composite is 
commonly used to study the overall processability of the material, and can also be used to 
investigate the structure of a nanocomposite. Rheological data, particularly in the low 
frequency region, can reveal whether the nanoparticles have formed a fully percolated 
structure within the polymer matrix.   
 To ensure that all rheological measurements were performed in the linear 
viscoelastic region of the PBAT nanocomposites, a strain sweep was carried out from an 
amplitude of 1 to 10%.  This test was carried out at a temperature of 145°C and a 
frequency of 1 rad/s.  Figure 2.4 shows the linear relationship of the storage and loss 
modulus (G’ and G”) throughout the entire strain range chosen.  Therefore, any strain 
value in this range can be selected for rheological testing and a strain amplitude of 3% 























Figures 2.5 and 2.6 show G’ and G” of the prepared nanocomposites as the clay 
loading was increased from 3% by weight up to a maximum of 15 wt%.  Composites 
were also prepared of 1 and 2 wt% composites, but the rheological measurements of 
these samples are not included in these images as they were not found to be significantly 
different than that of the neat PBAT.  From previous work on similar polyester-clay 
systems, the composites above 3 wt% are expected to be above the percolation threshold 
of a polymer clay nanocomposite [49].  Correspondingly, the low frequency plateau of G’ 
is visible in all composites above this assumed percolation threshold value. 
 
   
 


























To more clearly demonstrate the effect the increased clay percentage has on the 
viscoelastic response of PBAT, Table 2.1 gives the relative slope of the low frequency 
region of G’ and G” for each clay loading.  As the filler level is increased and the relative 
slopes decrease, the G’ and G’’ curves become less dependent on frequency of the 
applied strain.  At 15 wt% clay, the relative slope of 0.135 signifies that the material’s 
viscoelastic response is nearly independent of frequency.  The large drop in the slope of 
G’ between 4 and 5 weight percent is particularly worth noting, as it may signify that the 
development of a percolated clay network occurs near this range, resulting in a more 
solid-like response from the particle-particle frictional interactions as well as the polymer 






Figure 2.6. Loss Modulus (G”) of PBAT Nanocomposites  






















Table 2.1. Relative Slopes of G’ and G” with Increased Clay Loading 
Clay Loading Slope of G’(ω) Slope of G’’(ω) 
Neat PBAT 1.000 1.000 
3 wt% 30B 0.600 0.946 
4 wt% 30B 0.544 0.898 
5 wt% 30B 0.289 0.711 
7 wt% 30B 0.239 0.527 
10 wt% 30B 0.151 0.513 




 When the secondary network of particles has been established in a clay matrix, 
the solid-on-solid interactions dominate the viscoelastic response until the frequency of 
the strain applied to the composite is raised.  When the frequency passes a certain value, 
the structure of clay platelets is not preserved and the dominant response becomes that of 
the polymer matrix [48, 55, 56].  This can be observed in Figure 2.7 where a crossover 
frequency has been identified for a 7 wt% 30B composite.  Below a frequency of 0.591, 
the measured G” value (which correlates to the dissipation of stress through a material) is 
less than that of the G’ value, which is associated with the elastic response to shear stress.  
Above this crossover frequency the structure is destroyed and the viscoelastic response of 
PBAT is restored.  Figure 2.8 expounds upon this idea by showing the large increase in 
complex viscosity of the composites with increased 30B, but this effect is minimized as 




Figure 2.7. Identification of Crossover Frequency in a PBAT Composite  









































 The visual inspection of the effect that exfoliated nanoclay has on G’, G”, and the 
complex viscosity is an excellent tool to characterizing the level of exfoliation achieved 
within the PBAT matrix, however it is difficult to calculate a theoretical percolation 
threshold from Figures 2.4-2.8 alone.  To quantitatively estimate a concentration of clay 
where a percolated clay network begins to form, G’ was plotted against the volume 
percent of clay in each sample at a selected low frequency value of 0.158 rad/s in Figure 
2.9.  The volume percent from the intersection of the two linear relations was found to be 
1.73 volume percent or approximately 3.88 weight percent, which is in line with prior 
publications for other polymer-clay systems prepared through melt compounding. 
2.6.5. Mechanical Properties.  The next step of the characterization of the PBAT 
nanocomposites was to determine how the development of the secondary clay network 
affected the tensile properties of the elastomer-like polymer matrix.  PBAT is highly tear-



















ω = 0.158 rad/s 
ϒ  = 3 % 
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seven times its length before break. As the inclusion of fillers can make a polymer 
significantly more prone to brittle failure, the effects of compounding clay with PBAT 
must also be examined through tensile testing.    
The improvement in the tensile modulus of the PBAT nanocomposites can be 
seen in Figure 2.10.  A clear enhancement of the Young’s modulus of the composite is 
shown with increasing clay percentage. The modulus can be increased by 22% with only 
5 wt% clay and 52% with 10 wt% clay.  It is clear through mechanical testing, that an 
improvement in the tensile modulus can be achieved through the incorporation of 
nanoclay without entirely sacrificing the favorable elongational properties of PBAT if the 
composite is melt compounded at a clay percentage which marginally exceeds the onset 
of percolation. 
Figure 2.11 shows the average reduction of elongational properties as the clay 
loading is increased, as expected.  What should be noted, however, is that even up to 3 
wt% the elongation at break is not significantly lower than pure PBAT and over 450% 
elongation at break is achieved at as high as 10 wt% nanoclay.  While there is a reduction 
in elongational properties with the melt compounding of nanoclay into PBAT, it is 
apparent that the material remains highly elastic with the incorporation of less than 10 
wt% of this specific nanoclay. 
The relatively large drop in elongation at break at 4 wt% is worth discussing, as it 
mirrors the trend found through melt rheology analysis.  The percolation of the clay 
network alters the localized stress transfer mechanism of the polymer chains and can 










































































2.6.6. Thermal Analysis.  The crystallization and degradation behavior of a 
polymer can be altered considerably with the inclusion of nano-scale materials.  For 
semicrystalline polymers in particular, nanoclay has been shown to facilitate 
crystallization as a nucleating agent, but at high concentrations the assembly of exfoliated 
layers into an ordered structure can hinder the chain folding and crystallization [57].  
Figure 2.12 depicts the DSC cooling curves of PBAT-30B nanocomposites from 
0-15 wt% at a cooling rate of 5°C/min.  Both the peak and onset temperature of 
crystallization is shown to increase with increased clay percentage.  It is theorized that 
the presence of clay particles induces early crystallization by acting as a nucleating agent 
and aiding in localized crystal formation.  The area under the crystallization curve 
follows an opposite trend and decreases as additional clay in compounded in PBAT.  The 
measured enthalpy associated with this transition is related to the percent of crystallinity 
in the sample; therefore, a decrease in this value indicates that the high aspect ratio clay 
platelets and tactoids hinder the segmental free motion and disrupt the ordered stacking 
of the polymer chains.  This forms an interesting dichotomy between the enhanced 
crystallization at a higher temperature and the reduced total crystallinity.  This reduced 
free motion is a result of the entrapment of a large percentage of polymer chains between 
clay particles that are not in contact with the remainder of the polymer phase.  As the clay 
percentage is increased and a percolated network is formed, the large percentage of 
polymer entrapments results in altered crystallization kinetics. 
 Similar to the water vapor transmission rate, a mere 1 wt% clay loading has an 
evident influence on the crystallization of the composites.  The most significant effects on 
crystallization behavior occur with the addition of a few weight percent of 30B, such that 
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the onset temperature of crystallization in the 1 wt% sample occurs 6.6°C higher than 
neat PBAT.  With the addition of 5 wt% 30B, the onset temperature is only 0.4°C higher 
than that of the 1 wt% composite.  Further, the increase in the onset temperature between 
the 5 and 10 wt% samples is only 3.72°C.  These results show that once the clay network 
has formed and most polymer chains are in direct contact with clay particles, additional 
clay loading does not have as large of an effect on polymer chain restructuring during 
crystallization. 
 To more closely examine the crystallization behavior near percolation, Figure 
2.13 gives the onset crystallization temperatures as averaged from a minimum of three 
samples at each clay concentration.  The cooling rate for these experiments was selected 
as 10°C/minute to provide sharper crystallization peaks.  Again, the onset temperature 
was increased by nearly 10°C with the addition of 1 wt% clay.  Further, the increase 
between the 3 wt% and 5 wt% composites is notably greater than the increase from 1 wt 
% and 3 wt% or 5 wt% and 7 wt%.  This supports the findings that the percolated 
network develops near 4 wt%. 
The other thermal analysis method that is of interest for both biodegradable and 
nonbiodegradable polymers alike is a study of the degradation behavior of the 
nanocomposites as clay levels are increased.  Figures 2.14 and 2.15 show the TGA 
weight loss and derivative weight loss curves of approximately 12.0 mg of neat PBAT 
and 1-10 wt% 30B composites under 200 mL/min nitrogen and a heating rate of 
10°C/min.  Table 2.2 summarizes the values calculated from the TGA curves in Figure 
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2.14 as well as the degradation behavior of pure Cloisite 30B which was dried under 
vacuum for 24 hours at 60°C and kept in a desiccated environment until testing.  
Assuming that the commutative property holds for TGA analysis, one can 
calculate the theoretical values of the weight loss of a composite during degradation 
based on the experimental weight losses measured of the pure components [58]. As a 10 
mg sample of PBAT is heated through 550°C, approximately 4 wt% (0.4 mg) of this 
sample should remain under these testing conditions.  Correspondingly, a sample of clay 
can be expected to lose only approximately 30 wt% from thermal decomposition.  If this 
10 mg sample was instead composed of 90% PBAT and 10% 30B it could be calculated 
using the TGA results that 0.0405*(9.0 mg) + 0.7038*(1.0 mg) = 1.068 mg of the sample 
would remain.  In this scenario, 10.7 wt% of the sample should remain after heating to 
550°C.  The TGA results in Table 2.2 for the 10 wt% sample show that only 9.6% of the 
sample remained after testing.  This indicates that the presence of clay may promote a 
slightly larger extent of PBAT chain degradation.  This is further supported by the 
decrease in the onset and final temperatures associated with the degradation weight loss 
as the clay levels are increased in the samples. These results show that the degradation 
behavior of PBAT nanocomposites is similar to neat PBAT, and that the early onset 
degradation may in fact improve the flame retardancy of the composite through the 
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Table 2.2. Summary Table of TGA Results 
 
PBAT:30B Tdeg,Onset Tmax Tdeg,Final Weight Loss 
 (%) 
2% Weight  
Loss 
Residue (%) 
T = 550 °C 
100:0 382.80 403.21 
 
420.37 96.01 342.59 
 
4.05 
99:1 380.89 402.79 
 
420.21 95.23 336.73 
 
4.95 
96:4 380.45 403.26 
 
419.52 94.41 335.20 5.75 
90:10 374.97 400.10 418.38 90.44 325.91 
 
9.65 
85:15 367.43 393.75 
 

























 Clay exfoliation was evidenced by XRD and an established nanoparticle network 
was made visible through TEM imaging of composites above the estimated percolation 
threshold.   Water vapor transmission measurements further substantiated the 
development of a secondary clay structure above 2 wt% and no appreciable reduction in 
water vapor permeability when the clay concentration was increased to 5 wt%.  The 
increase in the storage and loss modulus at low frequency indicates that the clay network 
forms above a clay loading of 3 wt% with a marked increase between 4 and 5 wt%.  
Through the plotting of the values of storage modulus at a chosen frequency for all 
prepared clay nanocomposites led to the identification of an experimental percolation 
threshold at approximately 3.8 wt%.  The tensile modulus of all composites increased at 
the moderate expense of elongational properties.  Interestingly, while the clay served as a 
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nucleating agent and crystallization was observed at higher temperatures during cooling, 






3. FREE RADICAL MALEATION OF POLY(BUTYLENE ADIPATE-CO-






 Graft copolymerization can enhance the properties of a polymer by adding 
specialty functional groups with varied hydrophilicity, polarity, and reactivity to a 
hydrophobic substrate.  These slightly altered characteristics make graft copolymers 
useful in the compatibilization of polymer blends and filled polymer systems.  Due to 
their limited commercial availability and narrowed processing ranges, altering the 
properties of biodegradable polymers through functional grafting helps to widen the 
applications in which they can be used.  As an inexpensive and nontoxic substance with 
low critical properties, carbon dioxide can be used as a supercritical reaction medium for 
graft copolymerization and spent initiator extraction.  This work discusses the grafting of 
a biodegradable polymer powder with a functional anhydride and the subsequent 
spectroscopic analysis of the grafted products. 
3.2. FREE-RADICAL INITIATED POLYMER GRAFTING IN SCCO2 
Graft polymerization in a supercritical fluid provides a lowered solvent viscosity 
than solution and melt blending which provides an increased free radical efficiency with 
reduced cage effects.  The diffusivity of a fluid above its critical point resembles that of a 
gas, and the fluid will readily penetrate and swell most polymers even if they do not fully 
dissolve.  Thus, the effective surface area available for grafting is increased as compared 
to surface grafting processes such as radiation-induced functionalization. Carbon dioxide 
is commonly employed as a supercritical fluid for extraction processes due to its 
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comparatively low critical properties (a critical temperature of 31.1°C and a critical 
pressure of 7.39 MPa), and is therefore a sensible choice for the processing of 
temperature-sensitive biodegradable materials.  Supercritical fluid processing of 
polymers exploits the plasticization of the amorphous sections of a semi-crystalline 
polymer, typically without altering the crystallinity of the final product significantly [39].  
3.3. POLY(BUTYLENE ADIPATE-CO-TEREPHTHALATE)  
Poly(butylene adipate-co-terephthalate) (PBAT) is a biodegradable thermoplastic 
with exceptionally good elongational properties, optical properties and wear-resistance. 
These characteristics make this aliphatic-aromatic copolyester the only compostable resin 
with properties similar to HDPE and it is correspondingly used in many single-use film 
applications in food packaging and agricultural and landscaping products.  Figure 1.1 
gives the structure of this random copolymer of butylene adipate and butylene 
terephthalate residues.  By altering the ratio of butylene adipate and butylene 
terephthalate monomers, this copolymer can display a range of thermal and mechanical 
properties as well as biodegradation rates.  As a semi-crystalline polymer, PBAT has 
been shown to swell significantly when exposed to scCO2 [39]. This improves the rate of 
diffusion and impregnation of small molecules within the swollen PBAT matrix.  While 
PBAT is commercially available, the limited literature on PBAT modification makes it a 
prime candidate for the supercritical graft copolymerization technique.   
3.4. SUPERCRITICAL POLYMER GRAFTING REACTOR SYSTEM 
 Figure 3.1 depicts the supercritical grafting unit which consisted of a stainless 
steel, bolt-closure reactor with an internal volume of 300 cc.  A heating jacket was fitted 
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around the reactor body for temperature control through a digital interface.  The 
temperature was monitored by a Type-J thermocouple inserted in a thermowell through 
the reactor head and the pressure was monitored with an Omega pressure gauge.  Carbon 
dioxide was fed from a booster pump to a storage vessel before being fed to the reactor 
system.  The reactants were mechanically mixed and placed inside a stainless steel 
thimble, and a magnetically-driven impeller (MagneDrive®) was inserted in the thimble 
for homogenization of the reactor contents at a constant speed of 300 rpm.  Tap water 
was used to cool the impeller and reactor system upon experiment completion.  The 





Figure 3.1. Supercritical Polymer Grafting Reactor Schematic 
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3.5. ANALYTICAL EQUIPMENT 
Fourier Transorm InfraRed (FTIR) spectroscopy was performed with a Nicolet 
6700 (ThermoFisher Scientific).  Transmission experiments were carried out with 32 
scans at a resolution of 2.0 from 4000-400 cm
-1
 on melt pressed films or films cast from 
chloroform directly onto potassium bromide discs.  The Smart iTR fixture was also used 
for attenuated total reflectance (ATR) spectroscopy by averaging 16 scans if the samples 
were highly absorbing in the region of interest.  These scans were carried out from 4000-
650 cm
-1
 at a resolution of 4.0.  The spectrometer was desiccated but not purged during 
use and thus the background water vapor and carbon dioxide were subtracted from all 
spectra before analysis.  Proton (
1
H) Nuclear Magnetic Resonance (NMR) spectroscopy 
was completed with a Varian INOVA 400 MHz FT/NMR in 5mm O.D. tubes at ambient 
temperature.  The samples were dissolved at room temperature in deuterated chloroform 
(99.8 atom % D), and all spectra were corrected by the characteristic peaks of the chosen 
solvent (7.24 ppm for 
1
H NMR and 77.0 ppm for 
13
C).  Thermogravimetric analysis 
(TGA) was carried out with an SDT-Q600 (TA Instruments) on 15 mg samples under a 
purge flow rate of 200 mL/min nitrogen.  All rheological properties were analyzed with a 
rotational rheometer, ARES-G2 (TA Instruments), in the parallel plate configuration.  
The stainless steel plates were 25 mm in diameter and all specimens were compression 
molded to a thickness of 1 mm. 
3.6. SOURCE AND PREPARATION OF MATERIALS 
 3.6.1. Materials.  PBAT was supplied by BASF under the registered name 
Ecoflex® F BX 7011, which has a MFR of 2.5 - 4.5 ml per 10 min and a density of 1.25 
g/cm
3
.  Maleic anhydride (MA), 2,2’-azobisisobutyronitrile (AIBN), benzoyl peroxide 
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(BPO), methanol, tetrahydrofuran (THF), benzylamine (BA), n-pentane, and deuterated 
chloroform (99.8 %D) were purchased from Fisher Scientific.  Ultra-high purity carbon 
dioxide and nitrogen (99.999%) was supplied by Praxair, Inc. 
3.6.2. Preparation of PBAT Powder. The as-received polymer resin was first 
ground to a fine powder using a SPEX Sample Prep Freezer/Mill 6870.  This milling 
process submerges a sample in a liquid nitrogen bath and then pulverizes it with a 
magnetically driven impactor according to the milling time programmed.  Twenty grams 
of polymer pellets were placed in a large grinding vial and pre-cooled in a liquid nitrogen 
bath for five minutes prior to grinding.  The vials were then put through four grinding 
cycles of five minutes each with three minutes of additional cooling between cycles.   
The polymer powder was then dried fully under vacuum at 50°C for 24 hours and kept in 
a desiccated environment until use. 
3.6.3. Supercritical Graft Copolymerization.  At the beginning of each 
experiment, the system was pressurized to 500 psi and then vented slowly three times to 
remove oxygen and water vapor from the vessel.  The system was then taken to a median 
pressure between ambient and the experimental pressure and the heating system was 
turned on.  The desired temperature and pressure was reached through the slow addition 
of carbon dioxide and heat.  Once the set point density was reached, the reactor 
temperature and pressure were recorded every five minutes to ensure that the fluid 
density remained constant throughout the experiment.  Upon completion, the reactor was 




3.6.4. Reactive Extrusion of PBAT-g-MA.  The properties and processability of 
PBAT-g-MA which was prepared through reactive extrusion was also compared to 
PBAT grafted via scCO2. The extruded PBAT-g-MA was processed in a Brabender 
parallel twin screw extruder with three heating zones that were maintained at 145, 145, 
and 149°C.  PBAT pellets was dried at 50°C for 24 hours prior to extrusion and premixed 
with maleic anhydride powder (pulverized from briquettes) and dicumyl peroxide.  From 
literature, the optimal monomer and initiator loading was determined to be 2.5 wt% 
maleic anhydride and 0.5% peroxide [31, 35, 59, 60]. 
3.6.5. Soxhlet Extraction. The high sensitivity analysis that is essential to the 
verification and quantification of low level polymer grafting necessitates a more rigorous 
removal of spent initiator and excess monomer.  In order to provide a product for direct 
spectroscopic analysis, Soxhlet extraction with methanol was employed. This method is 
widely-used in purification and removal of excess reactants [61].  The extraction 
technique, as pictured in Figure 3.2, utilizes a cellulosic thimble in a glass extraction 
system that produces a reflux of 200 mL of methanol at its boiling point.  Approximately 
10-20 grams of sample is placed in a 32 mm thimble and refluxed for 24 hours before 
removal. While Soxhlet extraction effectively removes all residual monomer and 
initiator, the reaction of the grafted maleic anhydride functionality with the methanol 
solvent opens the anhydride ring, producing an ester and an acid group. The product must 
then be dried under vacuum for at least 24 hours to re-close the anhydride ring before 




 Figure 3.2. Soxhlet Extraction Apparatus  
 
 
3.6.6. Amination of Maleated PBAT.  The grafting reaction of MA is easily 
controlled, as steric hindrance only permits a single MA monomer to attach to the 
polymer backbone and subsequent polymerization of MA does not occur as can be seen 
in Figure 3.3.  This benefit of the maleation reaction, however, makes identification and 
verification of the grafted moiety difficult through spectroscopic methods, particularly at 
grafting levels below 5 percent.  To improve the detection process, the anhydride group 
can be reacted with an amine with a more easily detected long alkyl chain or benzyl 
group [63, 64]. The maleic anhydride attachment is easily controlled and the reaction of 
the anhydride functionality with an amine is rapid and well-studied. This amination is 
also often employed in order to affix additional functional groups or bioactive 
components on polymeric substrates. In one particular example, poly(lactic acid) was 
grafted with maleic anhydride and then further reacted with ethylenediamine, producing a 
polymer substrate with improved cytocompatibility which was attributed to the 













Figure 3.3.  PBAT Maleation Reaction Mechanism 
 
For this work, the PBAT-g-MA was further reacted with benzylamine (BA) in 
order to increase the hydrogen signals associated with the grafted group by a factor of 
five.  One-gram samples were dissolved in 75 mL of THF and an excess of BA was 
added dropwise to the solution.  The solution was agitated and maintained at room 
temperature, as the reaction between maleic anhydride an amine has been found to be 
reversible at elevated temperatures [64].  While below 40°C this amination is expected to 
occur rapidly, the reaction was allowed to proceed for two hours to ensure completion 
before the product was precipitated in pentane.  The aminated product was then dried at 
ambient conditions to constant weight and then dissolved in THF and precipitated in 

































3.7. EXPERIMENTAL CONDITIONS 
3.7.1. Solvent Density.  As the reaction medium temperature is varied, the 
solvent density must be controlled to provide a supercritical fluid system that has 
comparable diffusivity in the PBAT powder, solvent strength, and dielectric constant for 
each experiment.  The equation of state chosen to estimate the solvent density of the 
carbon dioxide phase was the Peng-Robinson equation, as it is typically the most accurate 
relationship for estimating the state variables of nonpolar liquid and supercritical fluids 
and mixtures. 
The solvent density was estimated for all target experimental conditions by an 
iterative calculation process, where Z is calculated by: 
 
where the constants ε and σ are defined as:  ε = 1 - √2 and σ = 1 + √2  for the Peng-
Robinson Equation and the values of q and β are calculated from: 
  
 
where Tr and Pr are the reduced temperature and pressure of the system as compared to 
the critical values for carbon dioxide and  is the acentric factor of carbon dioxide. A 
value for Z is first set to 1.0 and then the remainder of the calculations are carried at the 
experimental reaction temperature and pressure to calculate a new Z value.  This process 
is repeated until the returned Z value is the same as the initial input value and then the 




Using this iteration, the solvent density was estimated for all experimental 
conditions in order to determine target pressure and temperature settings.  The targeted 
solvent density for all experiments was 300 kg/m
3
 as suggested in previous a scCO2 graft 
copolymerization publication [41].
 
 To ensure that these conditions were met within the 
constant volume batch system, the pressure must be increased when the temperature is 
increased for a particular experiment.   
During system start-up, CO2 was charged at room temperature to the reactor and 
then heated to the experiment set point. To increase the operating pressure, additional  
CO2 could slowly be added to the batch system from the storage bomb which was held at 
3000 psig.  As the monomer and initiator are both readily soluble in scCO2, the reactor 
contents could not be vented once supercritical conditions were met.  Thus, some 
variance in density was possible due to the difficulty in controlling the amount of CO2 
initially charged to the reactor through the inlet valve.  For all experiments discussed in 




3.7.2. Temperature Selection. The effectiveness of free radical initiated grafting 
reactions is primarily determined by the thermal effects on the initiator throughout the 
experiment.  The temperature is thus the main parameter to control in order to maximize 
the level of grafting and minimize the time required for the reaction to come to 
completion. 
In order for the grafting reaction to be effective, the operating temperature must 
be above both the critical temperature of CO2 (31.1°C) and the Tg of the polymer and also 
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below the onset melting temperature of the polymer phase. Figure 3.4 shows the second 
heating curve of neat PBAT powder at a heating rate of 10°C/min under a nitrogen flow 
rate of 50 mL/min.  This curve gives a Tg approximately -30°C and Tm of 126.84°C.  Due 
to the random copolymer backbone, the maximum melting rate of PBAT is achieved near 
125°C but the melting endotherm is relatively wide and the first deviation from the 
baseline can be seen at temperatures as low as 90°C.  
The operating temperature range is further specified by the chosen free radical 
initiator activity and the temperature at which its degradation rate is optimal for 
promoting grafting within a reaction time that minimizes degradation of the base 
polymer.  Two free radical initiators were selected in order to study the grafting reaction 
at various temperatures while maintaining the same solvent density. Benzoyl peroxide  
(BPO) is a commonly used free radical initiator in polymer grafting which undergoes one 
bond scission during thermal degradation and the rate of BPO decomposition has been 
shown to increase as much as 10% in a scCO2 medium as compared to decomposition 
kinetics in n-heptane [32]. Highly active above 80°C, only 10% of BPO remains after 
three hours of exposure to temperatures above 90°C [41]. 
AIBN (2,2’-azobisisobutyronitrile) was also used in the experiments carried out at 
lower temperatures due to its higher level of activity below 80°C, as compared to BPO.  
While the decomposition mechanism of AIBN involves the breaking of two bonds, the 
dissociation has been shown to occur at nearly the same rate in various solvents. The 
lower dielectric constant of scCO2 may slow the degradation slightly, but the initiator 










which commonly affect free radical reactions [65]. AIBN was found to be active at 
temperatures above 50°C with a calculated activation energy of 134.6 kJ/mol in scCO2, 
which is on the order of its activation energy in other solvents (120-140 kJ/mol) [66]. 
3.7.3. Monomer and Free Radical Concentration.  The graft level achieved 
through free-radical maleation has been found to be directly related to the amount of 
radicals present in the system and correspondingly the level of macroradical sites created 
[67].   It has also been reported that as the maleic anhydride amount increased, the graft 
level increased but only to a certain point.  Above 6 MA phr (parts per hundred polymer 
units) the graft level was found to decrease.  Through 
13
C NMR and GPC analysis of PP-
g-MA, it was also found that extremely high levels of MA can lead to increased beta 
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[68, 69].  Based on these previous studies, the selected condition for all experiments was 
10 wt% MA and 2.5 wt% free-radical initiator. 
3.7.4. Reaction Time.  To minimize the detrimental effects on the biodegradable 
polymer, the target reaction time was chosen as 180 minutes.  One experiment was 
examined at a moderate temperature of 75°C but a reaction time of 240 minutes to yield 
comparable free radial initiator activity. 
3.7.5. Experimental Matrix.  Table 3.1 lists the selected experimental conditions 
which were examined in this study.  Three experiments were conducted with AIBN and 
three were conducted with BPO, at varying temperatures and pressures resulting in a 



















PBAT - 01 AIBN 70.2 310.9 180 
PBAT - 02 AIBN 75.6 298.2 240 
PBAT - 03 AIBN 85.5 295.2 180 
PBAT - 04 BPO 82.0 320.9 180 
PBAT - 05 BPO 84.6 329.0 180 
PBAT - 06 BPO 90.0 287.2 180 
 
 
3.8. PRODUCT CHARACTERIZATION 
 3.8.1. Effects of Grafting Method on Polymer Processability.  One major 
driving force behind the use of scCO2 for polymer grafting, is the mild conditions 
employed during the reaction.  Reactive extrusion, alternatively employs high heat and 
48 
 
shear rates while simultaneously mixing free radicals into the polymer phase.  Under 
these processing conditions, the molecular weight distribution (MWD) of the 
macromolecule can be significantly altered [67-69].  If the radicals formed on the 
polymer backbone lead to cross-linking, the average molecular weight, viscosity and gel-
content of the product is increased.  Alternatively, unstable radicals produced at the 
polymer backbone may lead to chain scission and a reduction in molecular weight and 
viscosity.  Thus, when dealing with free radicals it is imperative to investigate the 
relationship between processing conditions and final processability of the graft 
copolymer. 
  In Figure 3.5, the complex viscosity of PBAT-g-MA produced via reactive 
extrusion is plotted against frequency.  This dynamic frequency sweep was conducted at 
5% strain and 140°C.  As compared to the neat PBAT pellets extruded without MA or 























monomer and initiator under elevated temperature and shear causes significant chain 
scission in PBAT.  This finding is interesting, given that the long branched structure of 
PBAT is often compared to that of HDPE which generally demonstrates cross-linking 
and an elevated viscosity during reactive extrusion [23]. 
3.8.2. Removal of Spent Initiator and Excess Monomer.  While the Soxhlet 
extraction method used subsequent to the grafting reaction is a well-practiced method, it 
must be verified that the spent initiator and ungrafted monomer have been fully removed 
before further analysis.  Figure 3.6 is the FTIR-ATR spectra of a PBAT-g-MA sample 
which was processed via scCO2.  The two peaks at approximately 1775 and 1850 cm
-1
 
correspond to the excess un-grafted anhydride functionalities that remain in the samples.  
After Soxhlet extraction, the FTIR-ATR curve no longer shows these anhydride peaks, 
however, this does not indicate that the maleation of PBAT has not occurred. The 
grafting of maleic anhydride only attaches a single monomer to a free radical site, thus it 
is extremely difficult to detect a graft level of 1-5%. 
Figure 3.7 gives the TGA curve and derivative of the weight loss curve to help 
clearly indicate where the weight loss transitions occur.  The first weight transition curve 
for the PBAT-g-MA sample prior to Soxhlet extraction accounts for the excess MA and  
FRI that is present in the grafted sample.  Given that the initial concentration of the 
monomer and initiator was 10% and 2.5%, respectively, the 10.77% weight loss between 
80-127.7°C is reasonable.  Other than the MA which was successfully grafted to PBAT, it 
can be assumed that the remainder of the monomer and initiator were lost through the 
venting process of reactor, as these small molecules are soluble in scCO2. 
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3.8.3. Identification of Grafted Moieties.  Spectroscopy serves as the most 
effective way to observe a small molecule which has been affixed to the backbone of a 
polymer.  This is particularly true for graft copolymerization, where the graft level is 
expected to be below 10%. 
3.8.3.1. FTIR spectroscopy. As shown Figure 3.6, it is extremely difficult to 
view the attached MA functionality directly through FTIR spectroscopy of PBAT-g-MA.  
This is due to the small size of this particular grafted moiety, the typically low level of 
grafting achieved, and the presence of a highly absorbing carbonyl bond in the PBAT 
backbone.  This peak at approximately 1720 cm
-1
 can overlap where the succinyl 
anhydride group of grafted MA would appear in the FTIR spectrum.  Even at high 



























PBAT-g-MA Pre MeOH Soxhlet








Upon the amination of the grafted samples, the detection of successful grafting 
can be carried out much more readily.  Figures 3.8 and 3.9 show the emergence of the 
characteristic benzylamine peak near 700 cm
-1
.  This peak also appears as a shoulder to a 
larger peak present in neat PBAT and thus the graft can be observed but not easily 
quantified in through this spectroscopic method. 
3.8.3.2. 
1
H NMR spectroscopy.  Proton NMR served as the most sensitive 
method for graft observation and graft level determination.  Figure 3.10 shows the 
1
H 
NMR spectrum for neat PBAT, which has been corrected by the characteristic peak of the 
chloroform solvent which appears at 7.24.  Figures 3.11-15 are the PBAT-g-MA samples 
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peak appears at 7.3 ppm and can be assigned to the hydrogen located on the benzyl ring.  
By integrating these curves and comparing them to the characteristic peaks of PBAT, the 
graft levels can be estimated and are summarized in Table 3.2.  This integration was 
performed with SpinWorks software after manual phase and baseline corrections. 
 Grafting was detected for five of the selected experiment conditions with the graft 
level ranging between 1.16 – 1.63%.   The one experiment which did not show an 
appreciable BA peak was PBAT-01 which was the experiment conducted at the lowest 
temperature of 70°C.  While this temperature is within the range of AIBN activity, the 
grafting reaction did not proceed.  Upon a slight increase in temperature to 75.6°C and an 
increase in reaction time to 240 minutes, the PBAT-02 sample displayed a BA peak that 
correlated to a graft level of approximately 1.29%.  A further increase in temperature to 
85.5°C resulted in the highest graft level measured of 1.63%. While this result would 
indicate that the graft level increases with temperature, the samples grafted with BPO 
displayed the opposite trend with the maximum graft level for BPO (1.53%) occurring at 
a temperature of 82.0 and a density of 321 kg/m
3
 and the lowest graft level was measured 
at the highest experimental temperature of 90°C.  This is an unexpected result, as the 
activation energies for radical dissociation, addition, and termination are predicted to be 
higher at elevated temperatures [34].  One explanation for this result could be that higher 
local concentrations of the reactants at lower temperatures could raise grafting efficiency 



















H NMR of PBAT-03 Post-amination with BA 
 
 
Figure  3.13. 
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Figure  3.14. 
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Figure  3.15. 
1
H NMR of PBAT-06 Post-amination with BA  
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 The maleation of biodegradable PBAT was demonstrated in a supercritical carbon 
dioxide medium.  Two free radical initiators were used to compare the grafting efficiency 
of peroxide an azo-initiated graft copolymerization in a supercritical fluid.  To aid in the 
detection of the grafted functionality, benzylamine was affixed to the anhydride ring 
through an amination reaction in a THF cosolvent.  The characteristic peaks of 
benzylamine were observed with both FTIR and 
1
H NMR spectroscopy.  The achieved 
graft level estimation was calculated to be between 1.16-1.63% through integration of the 
peaks in the NMR spectra; and from these calculated graft levels, it was determined that 
this technique is most effective within the temperature ranges of 75-85°C for AIBN 
initiation and 80-90°C for BPO initiation.  All experiments outside of these temperature 
ranges produced no detectable benzylamine peaks with spectroscopic analysis. For the 
evaluation of rheological properties, PBAT-g-MA was also prepared via reactive 
extrusion with dicumyl peroxide.  The reactive extruded samples exhibited a lowered 
melt viscosity which can be attributed to polymer chain scission and a reduced average 
Experiment Free Radical Temperature Solvent Density Graft 
Name Initiator (°C) (kg/m
3
) (%) 
PBAT – 01 AIBN 70 310.9 0.00 
PBAT– 02 AIBN 75.6 298.2 1.29 
PBAT – 03 AIBN 85.5 295.2 1.63 
PBAT – 04 BPO 82.0 320.9 1.53 
PBAT – 05 BPO 84.6 329.0 1.47 
PBAT – 06 BPO 90.0 287.2 1.16 
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molecular weight of the product, due to elevated temperature and high shear melt 
processing in the presence of free radicals.  These results demonstrate that the 
supercritical graft copolymerization method is a viable alternative to polymer grafting in 
the melt or solution phase with either an azo-type or a peroxide free radical initiator.  
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4. UTILIZATION OF PBAT MALEATED IN SUPERCRITICAL CARBON 




 The limited number of commercially-available biodegradable polymer resins has 
generated great interest in the area of the modification and the compatibilization of 
biodegradable polymer blends and composites.  Graft copolymerization can be used to 
impart new functionalities and alter the properties of polymer matrices, ultimately 
improving the properties of composite products through a reduction in the interfacial 
tension. Through the maleation of PBAT in a supercritical carbon dioxide medium, a 
compatibilizer was produced for PBAT/clay nanocomoposites. The effects of the addition 
of 5% PBAT-g-MA to PBAT nanocomposites were then studied through rheology, 
permeation, and thermal analysis, and the dispersion and exfoliation state of the nanoclay 
phase was characterized through x-ray diffraction and electron microscopy. 
 4.1.1. Supercritical Carbon Dioxide Grafting.   For compostable materials such 
as poly(butylene adipate-co-terephthalate) (PBAT), the method utilized for polymer 
grafting must be optimized for temperature-sensitive materials and must also retain 
degradability in the final product.  Supercritical carbon dioxide grafting provides an 
organic solvent-free reaction environment at temperatures significantly lower than the 
most widely used alternative method, reactive extrusion.  The grafting technique 
employed for the production of PBAT-g-MA was carried out with 5 wt% maleic 
anhydride and 2.5% free radical initiator at a carbon dioxide density of 300 kg/m
3




 4.1.2. Nanocomposite Percolation and Compatibilization.  Nanoscale fillers 
have been shown to have significant effects on the thermal, mechanical, and rheological 
behavior of polymer composites.  The high aspect ratio of nanoscale materials provides 
for increased surface contact, thus the reduction of aggregates and enhancement of filler 
dispersion are the key issues in the optimization of nanocomposite properties.  Graft 
copolymers are often used in compatibilizing hydrophobic polymer chains with natural 
fillers to improve filler dispersion.  For layered silicate composites, compatibilizers like 
maleated polymers improve tactoid dispersion and platelet exfoliation.  This has been 
reported to occur through a combination of surface interactions leading to clay layer 
removal as well as polymer chain diffusion into the gallery spacing resulting in platelet 
delamination [42, 43].  The altered kinetics of these mechanisms with the addition of a 
polar anhydride functionality can increase clay exfoliation further, causing a percolated 
clay network at a lower clay loading than in a noncompatibilized polymer matrix.  The 
previously reported percolation threshold of PBAT-Cloisite 30B nanocomposites is 3.88 
wt%, thus the compatibilized samples developed in this work are expected to exhibit a 
percolated structure below this clay concentration. 
4.2. MATERIALS AND METHOD 
 4.2.1. Materials.  PBAT was supplied by BASF under the name Ecoflex® F BX 
7011, which has a MFR of 2.5 - 4.5 ml per 10 minutes and a density of 1.25 g/cm
3
.  The 
surface area of the PBAT pellets was increased prior to supercritical grafting by 
cryogenic grinding as described in Section 3.6.2. The layered silicate was provided by 
Southern Clay under the product name Cloisite® 30B.  The organic modification of this 
particular MMT clay is a quarternary ammonium with a bulky tallow group.  The PBAT 
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powder, pellets and clay were dried under vacuum at 50°C for a minimum of 24 hours 
before processing. Maleic anhydride, 2,2’-azobisisobutyronitrile, benzoyl peroxide, 
dicumyl peroxide, methanol, tetrahydrofuran, benzylamine, n-pentane, and deuterated 
chloroform (99.8 %D) were purchased from Fisher Scientific.  Ultra-high purity carbon 
dioxide  and nitrogen (99.999%) were supplied by Praxair, Inc. 
 4.2.2. Processing Equipment.  The supercritical grafting reaction was performed 
in the stainless steel bolt-closure reactor depicted in Figure 3.1.  The melt compounding 
of the nanocomposites and the reactive extrusion experiments were carried out with the 
twin screw extruder as described in Section 2.4.  A Carver press was used to prepare 0.24 
mm thick films for permeation analysis and 1 mm sheets for rheological and tensile 
testing. 
 4.2.3. Reactive Extrusion.  For comparison of the effectiveness of the proposed 
compatiblization technique, a common solvent-free grafting method was also carried out.  
Simultaneous reactive extrusion and clay compounding was demonstrated by premixing 
the PBAT pellets and nanoclay with MA and dicumyl peroxide (DCP) before extrusion.  
The selected composition of the monomer and initiator were 2.5 wt% and 0.5 wt%, 
reportedly the optimal conditions for grafting with minimal side reactions such as chain 
scission and cross-linking [30-33]. 
 4.2.4. Analytical Equipment.  X-ray diffraction patterns were captured using a 
PANalytical X’Pert PRO MRD with a copper anode, a wavelength of 1.54 angstroms, 
and a divergence slit of 0.05 mm.  The diffractograms were captures from 1° < 2ϴ < 10°.  
Images of the clay structure in the PBAT matrix were captured with a JEOL JEM-1400F 
62 
 
transmission electron microscope.  To produce specimens thin enough for TEM imaging, 
the extrudate pellets were first sectioned with an ultramicrotome. 
The rheological response of the prepared nanocomposites was studied on an 
ARES-G2 rheometer (TA Instruments) in the 25 mm diameter parallel plate 
configuration.  Specimens were cut from 76 x 76 x 1 mm molded sheets into 25 mm 
diameter circles.  All tests were conducted at 145°C and a strain of 3%, and the samples 
were compressed to a gap of 0.95 mm to ensure consistent plate contact and sample 
volume between tests. 
The water vapor transmission rate through the prepared nanocomposite films was 
studied according to ASTM-E96/E96M-10.  Films (0.24 +/- 0.007 mm thickness) were 
secured with silicone wax to glass containers which were filled with an 8 mesh desiccant 
and then sealed.  The testing chamber was maintained at 27°C and 75% humidity 
throughout the testing period, with a constant air velocity provided by a fan.  The weight 
of each sample was taken every 12 hours over a four-day period and adjusted relative to 
the weight change of a prepared “dummy” sample without desiccant. The water vapor 
transmission rate was then calculated as the average of the corrected weight change of 
three samples of each clay loading studied. 
Crystallization studies were performed with a DSC-Q2000 (TA Instruments) on 
10 mg samples at a heating and cooling rate of 10°C/min.  Thermogravimetric analysis 
(TGA) was conducted with an SDT-Q600 (TA Instruments) with heating rate of 
10°C/min and 15 mg samples were used for all degradation studies.  A nitrogen purge 
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was used at a flow rate of 50 and 200 mL/min for the DSC and TGA analyses, 
respectively. 
Tensile testing of the prepared composites was performed with a universal testing 
machine (Instron model 4469) according to ASTM D638.  A type IV dumbbell specimen 
and a crosshead speed of 10 mm/s was used for the Instron analysis at ambient 
conditions. 
4.3. RESULTS AND DISCUSSION 
 4.3.1. TEM Imaging.  Transmission electron microscopy offers a facile way to 
 examine composites at the nano-scale and observe slight changes in clay structure.  
Figure 4.1 gives multiple magnifications of a 3% clay nanocomposite with and without 
the addition of 5 wt% PBAT-g-MA compatibilizer.  The top set of images (the non-
compatibilized samples) show a high percentage of clay particles (the dark areas in the 
images) present in multi-layer tactoids and a larger distance between neighboring clay 
particles.  The light areas in the TEM images correlate to the PBAT matrix, and the high 
percentage of white space in the non-compatibilized samples signify that there is limited 
interaction between the polymer and clay phases.  
The images taken of the compatibilized samples show a much higher level of clay 
exfoliation, with numerous individual clay platelets separated from the clay tactoids.  
These exfoliated layers help to reduce the interparticle distance and increase the 
interactions between neighboring clay particles, helping to develop a secondary clay 
network within the composite.  This exfoliation can be attributed to the grafted anhydride 
functionality which has been shown to improve the interfacial interactions between the 
PBAT chains and the surface of organically-modified MMT.  In the lower images of 
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Figure 4.1, the separation of individual platelets from a stack of clay can be seen at all 
three magnifications.   It has been hypothesized that the bi-functional MA encourages 
clay platelet separation by two methods: (1) surface interactions which “peel” each layer 
from the clay tactoid and (2) favorable interactions between MA and the organic 
modifications within the clay gallery space induce clay layer expansion and subsequent 
exfoliation [48].  It is not clear from these images alone which of these methods is valid, 
but the enhanced dispersion and exfoliation are evident. 
Images were also captured of the prepared 5 wt% 30B composites and are 
collected in Figure 4.2.  The top two images represent the nanocomposites that were 
compatibilized with 5 wt% PBAT-g-MA from the scCO2 grafting method and the bottom 
two images correspond to a sample that was reactive extruded according to the method 
described above.  There are very few individual clay lamellae in the reactive extruded 
samples and the visible clay tactoids are markedly larger than in the scCO2 





Figure 4.1.  TEM Images of 3 wt% 30B PBAT Nanocomposites  
Top:  No compatibilizer Bottom:  5% PBAT-g-MA 




Figure 4.2.  TEM Images of 5 wt% 30B PBAT Nanocomposites  
Top:  Compatibilized with 5 wt% PBAT-g-MA  
Bottom:  Reactive Extruded with 2.5 wt% MA and 0.5 wt% DCP 
Magnification Scale:  20 nm (Left) and 50 nm (Right) 
 
 
 4.3.2. X-Ray Diffraction.  The study of x-ray diffraction between clay layers 
provides a more holistic interpretation of the clay exfoliation state than individual TEM 
images of thin slices of a clay nanocomposite sample.  A peak in an x-ray diffractogram 
indicates that an ordered structure exists in the sample, and for layered silicates the 
distance between clay layers can be calculated from Bragg’s Law: 
nλ = 2dsinϴ 
where n is an integer, λ is the wavelength of the incident x-ray, d is the distance between 
successive clay layers, and ϴ is the angle between the x-ray and the diffracted ray.  
Cloisite 30B has a gallery spacing of 18.5 angstroms which leads to a d001 peak at ϴ = 
2.39° or at 2ϴ = 4.78° for an incident x-ray of 0.154 nm.   
In Figure 4.3, the x-ray diffraction patterns are shown for pure Cloisite 30B and 
for two PBAT nanocomposites with 3% Cloisite 30B, one non-compatibilized and one 
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compatibilized with 5 wt% PBAT-g-MA.  The characteristic peak of the clay appears at 
approximately 2ϴ = 4.8° as Bragg’s Law predicts.  The compounding of clay with PBAT 
causes this peak to reduce in height as the clay tactoids are exfoliated and broken apart 
under high shear in the extruder.  The shift of the peak to the left (lower values of 2ϴ) 
also indicates that the clay platelets that remain in stacks have been separated slightly.  
The non-compatibilized 3 wt% clay composite shows a broad peak at approximately 2ϴ 
= 2.245° which correlates to an expanded gallery spacing of 39.3 angstroms.  Most 
interestingly, the x-ray diffractogram of the compatibilized sample contains no 
measurable diffraction peak.  While this result alone is not sufficient to confirm full clay 
exfoliation, the disappearance of this diffraction peak is often attributed to the existence 
of primarily clay monolayers in the sample [48-50]. 
A similar set of x-ray diffractograms is given for both non-compatibilized and 
compatibilized PBAT nanocomposites at a clay loading of 5 wt% in Figure 4.4.  Without 
the addition of a compatibilizer, the clay peak is present at 2ϴ = 2.345° or a clay layer 
separation of 37.6 angstroms.  The compatibilized sample still shows a clay diffraction 
peak at 2ϴ = 2.45° or a gallery spacing of 36.0 angstroms, but it is significantly narrowed 
and reduced in height. 
 4.3.3. Water Vapor Transmission.  As determined in previous work, the higher 
the clay loading, the more resistant the film is to water vapor permeation due to the 
increased tortuosity of the path a molecule must take in order to pass through the film.  
The clay particles are predominantly oriented perpendicular to the direction of diffusion, 
and the high aspect ratio of the tactoids and platelets greatly improve the barrier 
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Figure 4.5 shows the average water vapor transmission measured through three 
melt pressed PBAT films at clay loadings of 3 and 5 weight percent.  The transmission 
rate is notably reduced upon incorporation of PBAT-g-MA in the films in both clay 
loadings examined.  The transmission rate through the 3 wt% 30B nanocomposite film is 
reduced by 25.5% to 29.9 g/m
2
/day and the 5 wt% nanocomposite film water 
permeability was reduced 21.2% to 26.1 g/m
2
/day.  Further, the compatibilized 3 wt% 
film provides better resistance to water vapor permeation than the 5 wt% film without 
compatibilizer.  This is expected to be caused by the increased level of exfoliation in the 
compatibilized samples as observed through both TEM and XRD analyses.  The reduced 
number of aggregates that can lead to perforations in the film, and the larger number of 
individual clay lamellae result in films with reduced permeability.  While the presence of 
MA on the surface of a polymer substrate can alter its polarity and hydrophilicity, the 
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water vapor absorption of the films and the overall effect is an improvement in the barrier 
properties of PBAT.  Interestingly, the difference between the permeation of the 
non-compatibilized samples is larger than that between the compatbilized film samples.  
This may indicate that the percolation threshold of the compatibilized samples is below 3 
wt% instead of falling within the 3-5 wt% range. 
4.3.4. Melt Rheology.  The detection of an ordered structure at the nanometer 
level within a polymer matrix can be challenging but is often possible with microscopy 
and x-ray patterning.  To observe slight changes in the structure of clay particles, a more 
sensitive testing method such as dynamic oscillatory shear rheology is required.  When a 
small strain is applied at a low frequency to a polymer nanocomposite in the melt phase, 
it will respond as a pseudo-solid if the clay layers have formed a secondary network. 
Thus, melt rheology can be used to determine the effectiveness of a graft copolymer in 
enhancing clay exfoliation and lowering the percolation threshold of a particular 
composite. 
In Figure 4.6, the storage modulus (G’) of PBAT nanocomposites are compared 
over a frequency range of 0.1-100 rad/s at a strain rate of 3% and a temperature of 145°C.  
As mentioned in previous work, PBAT nanocomposites at a clay loading of 3 wt% and 
below do not show a significant low frequency plateau in G’.  Above the estimated 
percolation threshold of 3.88 wt%, the storage modulus is less dependent on frequency 
and the nanocomposite displays the more solid-like viscoelastic response under low 
frequency shear which is visible in the G’ values of the 4 wt% composite in Figure 4.6.  
  The compatibilized 3 wt% 30B  sample  shows a median response between the 3 and 4 
wt% clay loading level, which is indicative of a higher level of clay exfoliation and a 
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percolation threshold which has shifted below 3 wt%.  The frictional forces between clay  
particles are the cause of this response and are only detected when a high level of 
dispersion and exfoliation result in a large percentage of clay particles which interact 
directly with at least one neighboring particle.  As the frequency is increased, this 
nanostructure is destroyed and G’ for all samples approach that of neat PBAT. 
A nearly identical trend can be seen in the complex viscosity (η*) of the same 
nanocomposites in Figure 4.7.  The viscosity of the non-compatibilized 3 wt% 30B 
composite is essentially identical to that of neat extruded PBAT.  The compatibilizer 
elevates the complex viscosity in the terminal region, which is characteristic of a pseudo-
solid polymer material that undergoes shear-thinning as the frequency increases.  
The efficacy of the PBAT-g-MA as a compatibilizer can even be seen at a clay 
loading level as low as 1 wt% 30B in Figure 4.8.  While the low frequency G’ plateau is 
slight and was only detectable by reducing the frequency to 0.05 rad/s, this finding 
signifies that a network began to develop with the addition of only 1 wt% clay and 5 wt% 
graft copolymer.  The detection of this small change in the viscoelastic response of this 
composite is only possible through with the use of a rheometer with a transducer that is 
separated from the motor responsible for the oscillatory strain, which results in separate 
stress and strain measurements and improved accuracy.  Thus, melt rheology was the 
chosen method to analyze the efficacy of the two free radical initiators used during the 
supercritical grafting reaction. 
Both peroxide- and azo-type free radical initiators have been shown to 

















































level, as determined through 
1
H NMR spectroscopy.  Dynamic frequency melt rheology 
can also be used to comparatively study the compatibilization achieved with the two 
samples of PBAT-g-MA, one copolymerized with AIBN and one with BPO.   Figure 4.9 
shows the G’ of a 3 wt% clay nanocomposite as well as the compatibilized samples from 
these two grafting methods.  The low frequency increase in G’ is nearly identical for the 
two compatibilized nanocomposites, further indicating that the graft level achieved with 
AIBN and BPO and the efficacy of the resultant PBAT-g-MA products in improving clay 
exfoliation are analogous.  These findings help to validate the use of either type of 
initiator and widen the operating temperature window for scCO2 graft copolymerization. 
For biodegradable polymer grafting, it is particularly important to explore the 
effectiveness of various free radical initiators and determine which provides optimal 
grafting efficiency at an ideal processing temperature. 
Figures 4.10 and 4.11 exhibit the storage modulus and complex viscosity  values 
of compatibilized and non-compatibilized 5 wt% 30B samples.  These results are 
analogous to the altered low frequency response of the 3 wt% composites, with the 
compatibilized 5 wt% sample displaying an even higher level of frequency independence.  
The relative slope of the G’ curve for the non-compatibilized 5 wt% sample is 0.62 as 
compared to neat PBAT, and for the compatibilized sample the relative slope is reduced 
to 0.40.  With PBAT-g-MA, the G’ and η* values of the 5 wt% 30B nanocomposite 
approach the frequency independence that is seen in true solids. 
For further justification of this compatibilization method, the viscoelastic 

























































































reactive extrusion.  While the one-step process of simultaneous grafting and clay 
compounding is simple to conduct, the exposure of a biodegradable melt to free radicals 
under high shear results in a clear reduction in product viscosity as seen in Figure 4.12.  
The melt incorporation of 5 wt% clay typically raises the complex viscosity of PBAT, but 
in the presence of a peroxide and maleic anhydride the resultant viscosity of the 
nanocomposite is lowered. This is assumed to be due to extensive main chain scission 
and widening of the molecular weight distribution.  In some applications, the utilization 
of peroxides during extrusion is ideal for molecular weight control but this methodology 
is difficult to control for biodegradable polymers.  The isolation of free radical exposure 
to the milder reaction conditions provided by scCO2 results in less polymer degradation 




















5% 30B Reactive Extruded
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4.3.5. Thermal Analysis.  The exfoliation and dispersion state of a layered 
silicate nanocomposite can be indirectly observed by determining the temperature at 
which the material undergoes a thermal transition such as crystallization or degradation.  
A small amount of compatibilization which leads to enhanced clay exfoliation can be 
detected through a study of altered crystallization and/or degradation kinetics. 
Differential scanning calorimetry (DSC) can be used to determine if a process has 
altered the structure of the polymer matrix of a nanocomposite by measureing a shift in 
the glass transition (Tg) temperature.  As is often the case with scCO2 processing, the Tg 
is unchanged for all clay contents analyzed.  Table 4.1 lists the Tg values averaged from 
three samples of each compatiblization experiment and the temperatures do not vary from 
the Tg of neat PBAT by more than +/- 0.5°C.   Thus, while the supercritical grafting 
process temporarily increases the free volume of the material and plasticizes the PBAT 
polymer chains, the utilization of PBAT-g-MA that has been supercritically processed 




Table 4.1.  Glass Transition Temperature of Compatibilized PBAT Nanocomposites 
Sample Tg (°C) +/- 
PBAT 30.41 0.66 
1% 30B 30.34 0.80 
1% 30B Compatibilized 30.09 0.71 
3% 30B 30.12 0.29 
3% 30B Compatibilized 30.64 0.46 
5% 30B 31.09 0.34 
5% 30B Compatibilized 30.57 0.08 
7% 30B 30.96 0.57 
7% 30B Compatibilized 30.99 0.58 
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The cooling curves of PBAT as well as two PBAT nanocomposites with 3 wt% 
30B are given in Figure 4.13.  Neat PBAT exhibits a sharp crystallization peak with a 
maximum crystallization rate at 71.92°C and onset crystallization occurring at 76.26°C.  
The 3 wt% clay composite begins to crystallize at 87.07°C and the maximum 
crystallization occurs at 78.31°C.  Upon compatibilization with 5% PBAT-g-MA, this 
crystallization peak shifts to even higher temperatures and crystal growth begins at nearly 
90°C.  A similar trend is shown in Figure 4.14 for a compatibilized sample with 7 wt% 
clay, where the onset and maximum crystallization appear at 92.46 and 83.47°C, 
respectively.   
In comparing Figures 4.13 and 4.14, it can be seen that the compatibilized 5 wt% 
clay sample exhibits onset crystallization at higher temperatures than the non-
compatibilized sample with 7 wt% clay content.  This is a key example of the effects of 
compatibilization leading to improved disruption of the layered clay structure and 
enhanced interactions between the polymer chains and the clay surface.  As the tactoids 
are separated to single and multi-layer platelets, additional clay surface is exposed which 
serve as nucleating sites for crystal growth upon cooling. There is a more significant 
effect on the onset of crystallization upon the PBAT-g-MA compatibilizer than by adding 
an additional 2 wt% nanoclay.  This effect is summarized in Figure 4.15, where the 
average temperature of maximum crystallization rate is given for a minimum of 3 
samples at each clay loading level, both with and without PBAT-g-MA compatibilizer.  It 
is also worth noting that while the crystallization temperature of the non-compatibilized 
samples increases with increased clay loading, this effect is minimized above the 




Figure 4.13.  Increased Crystallization Temperature in Compatibilized  




Figure 4.14.  Increased Crystallization Temperature in PBAT Nanocomposite  
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3.8 wt%.  Above this clay loading, large agglomerates of clay are formed and the surface-
to-volume ratio of the clay is reduced.   The compatibilized samples do not display this 
trend, however, and the crystallization temperatures continue to increase above 5 wt% 
clay.  This indicates that agglomerate formation is reduced due to the reduced interfacial 
tension between the polymer chains and clay surface, and the mechanism of clay network 
development has been altered significantly. 
The compatibilization of the two composites in Figures 4.13 and 4.14 also generates 
a broader crystallization peak, which is indicative of a lower overall crystallinity in the 
sample.  The inclusion of clay particles creates barriers which initially nucleate crystal 
formation but ultimately prevent full crystal growth during cooling, and the addition of 
maleated PBAT enhances this effect further.  Figure 4.16 also shows the reduction in 
crystallinity associated with the increase in clay concentration. These values were 
calculated using the reported theroretical value for the enthalpy of 100% crystalline 
PBAT, 22.3 kJ/mol [70].  The non-compatibilized samples show very little alteration in 
the extent of crystallization between 1 and 7 wt%.  With PBAT-g-MA, the percent 
crystallinity is decreased further due to the improved exfoliation.  Interestingly, the 1 
wt% clay composite does not follow this trend.  Figure 4.15 shows that the 
compatibilized 1 wt% composite crystallizes at a higher temperature, but in Figure 4.16 it 
is apparent that the overall percent crystallinity of the non-compatibilized sample is 
markedly higher.  This is assumed to be due to the increased nucleation sites of the 
exfoliated tactoids upon compatibilization, but the total number of clay particles is not 











   
Figure 4.16.  Percent Crystallinity Reduction upon PBAT-g-MA Compatibilization 
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The altered crystallization mechanism has been quantified in literature by the half 
crystallization time which is given by: 
 
where TOns is the onset temperature of crystallization and TC is the temperature of 
maximum crystallization, and X is the cooling rate [71].  This value represents the time 
until 50% of the sample is crystallized.  The average half crystallization times have been 
calculated for each sample at a cooling rate of 10°C/min and are listed in Table 4.2.  
Again, the non-compatibilized samples show a decrease in the crystallization rate with 
increased clay loading until a percolated network is formed at between 3 and 5 wt% clay, 
and the compatibilized samples were all calculated to have a longer half crystallization 
time than any of the non-compatibilized samples.   This can be attributed to the increased 
presence of exfoliated clay particles which inhibit ordered chain folding and increase the 
inhomogeneity in crystallite size. 
 
 
Table 4.2.  Slowed Crystallization Kinetics of  
Compatibilized PBAT Nanocomposites 
Sample t1/2 (min) +/- 
1% 30B 0.840 0.011 
1% 30B Compatibilized 1.064 0.098 
3% 30B 0.860 0.064 
3% 30B Compatiblized 0.909 0.029 
5% 30B 0.888 0.003 
5% 30B Compatibilized 0.891 0.010 
7% 30B  0.869 0.009 
7% 30B Compatibilized 0.903 0.005 
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The exfoliation state of clay influences the mechanism of degradation as greatly 
as it affects the crystallization in PBAT nanocomposites.  The thermogravimetric weight 
loss curves can therefore provide insight to the enhancement of exfoliation and how the 
thermal degradation of the material is altered.  Figure 4.17 shows the weight loss and 
derivative weight loss curves for 3 wt% 30B composites with and without PBAT-g-MA 
relative to the weight loss of neat extruded PBAT during thermal degradation.  Close 
observation reveals that the compatibilized sample exhibits early onset degradation and a 
higher level of char formation than the specimen without PBAT-g-MA.  The summary of 
these effects for all clay loadings examined can be seen in Figures 4.18 and 4.19.  The 
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Figure 4.19. Degradation Mass Loss of PBAT Nanocomposites 
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degradation is reduced with the compatibilizing agent addition.   The largest effects are 
seen at the 3 wt% clay content, where the residue is increased by 45%.  This can be 
credited to the compatibilizer inducing clay percolation below 3 wt% as was observed in 
the rheological studies.  The percolated network limits the transport of degradation 
products from the sample and increases char formation and flame retardancy [72].   
The boosted level of interaction between the polymer chains and the clay surface through 
compatiblization has also been shown to promote early degradation, leading to char 
formation and an improved heat barrier to further degradation.  Table 4.3 summarizes the 
2% weight loss temperatures for all compatibilized samples.  The temperature associated 
with this low level of degradation decreases as clay is incorporated, but these effects are 
minimized above the experimental percolation threshold of 3.88 wt% and the 5 and 7 
wt% composites exhibit similar onset degradation characteristics.  The addition of the 
maleated copolymer renders the increase in clay content more effective at promoting 
early degradation, and the compatibilized 7 wt% sample shows an average 2% weight 
loss temperature of 325°C which is nearly 20°C lower than that of neat PBAT. 
 
Table 4.3. Temperature at 2% Sample Weight Loss 
 
Temperature +/- 
Sample °C °C 
PBAT 343.3 0.8 
1% 30B 338.6 2.6 
1% 30B Compatibilized 342.9 2.0 
3% 30B 339.2 2.9 
3% 30B Compatibilized 335.9 1.3 
5% 30B 335.8 2.6 
5% 30B Compatibilized 331.4 0.9 
7% 30B 335.1 1.7 
7% 30B Compatibilized 325.3 2.8 
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4.3.6. Tensile Properties. PBAT can be utilized in compostable film applications 
because of its ductile nature which yields a high level of elongation before failure.   
Finding the optimal balance between barrier and elongational properties while improving 
tensile strength is the driving factor behind the incorporation of nanoclay into PBAT.  As 
clay loading is increased above the percolation threshold without compatibilizer, the 
tensile modulus is enhanced at the expense of a reduced elongation at break.  Figures 
4.20 and 4.21 show this trend for non-compatibilized samples with nanoclay content from 
1-7 wt%. 
When 5% PBAT-g-MA is melt compounded with these nanocomposites the 
Young’s modulus improved for each clay loading examined.  The elongation at break is 
improved for the 5 and 7 wt% samples but the compatibilization causes a decrease in the 
elongation at break with 3 wt% 30B.  While the enhanced exfoliation of clay has been 
shown to reduce the number of large clay aggregates that result in early failure during 
tensile tesing, the absolute number of clay particles remains elevated. This can alter the 
formation mechanism of the PBAT matrix, and the nanocomposite may respond to tensile 
stress as though the clay content were higher.   
The non-compatibilized samples show a significant drop in elongation at break 
between 3 and 5 wt% 30B, where the percolation threshold was calculated to be.  This 
large decline in elongational properties occurs between 1 and 3 wt% in the 
compatibilized samples, which correlates to the altered rheological response and 
crystallization kinetics below 3 wt% suggesting that the percolation threshold for PBAT 










































Compatibilized with 5% PBAT-g-MA
0 wt% 30B 1 wt% 30B 3 wt% 30B 5 wt% 30B 7 wt% 30B 
789.4 




























Compatibilized with 5% PBAT-g-MA
0% 3% 30B 1% 30B 5% 30B 7% 30B 
87 
 
4.4. CONCLUSIONS   
 A compatibilizer that was developed via the free radical maleation of 
poly(butylene adipate-co-terephthalate) in supercritical carbon dioxide was used to 
compatibilize PBAT nanocomposites with an organically-modified montmorillonite clay.  
With only 5 wt% PBAT-g-MA, the exfoliation and dispersion of the nanoclay particles 
was improved significantly enough to be observed with electron microscopy and x-ray 
diffraction.  While Cloisite 30B has demonstrated a percolation threshold of 3.88 wt% in 
PBAT, the PBAT nanocomposites with the added compatibilizer demonstrated the 
thermal behavior and rheological response evident of the development of a secondary 
filler network between 1 and 3 wt% clay.  Both degradation and crystallization was 
promoted at faster rates initially, but an overall lower percent of crystallization was 
measured in the compatibilized composites and the char residue after thermal degradation 
was increased with the incorporation of maleated PBAT.  The water vapor transmission 
rate through the compatibilized films and tensile properties were also significantly 
improved through the enhanced clay exfoliation.  Thus, this solvent-free graft 
copolymerization method can provide a compatiblizer which is capable of optimizing 
these properties for PBAT film applications. 
 






PBAT nanocomposite films have a wide range of applications in biodegradable 
packaging, particularly if the nanocomposite can be developed with high compatibility 
between the PBAT phase and the nanofiller.  Graft copolymers are commonly used as a 
compatibilizing agent to improve the dispersion of a filler in a polymer matrix. In this 
work, a graft copolymer was developed as a compatibilizer between the PBAT matrix 
and the nanoclay particles.  PBAT-g-MA was prepared via free radical supercritical 
carbon dioxide grafting, which provided an improved grafting efficiency at lower 
temperatures and shear than typical melt or solution grafting processes.  The maleation 
reaction was quantified after affixing benzylamine to the anhydride functionality to 
facilitate spectroscopic analysis.  A graft level of 1.16-1.63% was calculated and the 
optimal operating temperature range was defined as 75-85°C and 80-90°C for BPO and 
AIBN initiation, respectively. 
The effectiveness of such a compatibilizing agent cannot be determined without 
first fully characterizing the nanocomposite through structure-property analysis.  PBAT-
Cloisite 30B nanocomposites were prepared via melt extrusion and TEM imaging and x-
ray diffraction were used to analyze the structure of the clay particles.  Water vapor 
permeation studies helped to determine the optimal clay loading for barrier property 
improvement, between 2 and 5 weight percent.  The storage and loss modulus curves 
measured with polymer melt rheology exhibited a developed nanostructure which was 
destroyed with high frequency shear.  From storage modulus values at various clay 
loading, the percolation threshold was determined to be 3.88 weight percent clay without 
the presence of a compatibilizer.  
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The final stage of this research involved incorporating PBAT-g-MA into PBAT 
nanocomposites to determine the effects on the clay exfoliation and the percolation of the 
nanoparticles.  The viscoelastic and thermal behavior of the compatibilized products 
indicated that a nanostructure was developed between 1 and 3 weight percent clay, a clay 
loading significantly below the previously estimated percolation threshold.  The 
enhanced clay exfoliation visible through TEM imaging further supported this lowered 
percolation threshold.   Foremost, the water vapor transmission rates measured through 
the compatibilized films were markedly lower and the improved elongational properties 
indicated an enhanced compatibility between the clay and the PBAT matrix as well as a 
reduction in clay tactoid number and size.  Thus, this solvent-free graft copolymerization 
method provided a compatiblizer which is capable of optimizing the barrier, tensile, and 
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